Abstract: We present a first-principles simulation study of vibrational spectral diffusion and hy drogen-bond dynamics in solution of a fluoride ion in deuterated water. The present calculations are based on ab initio molecular dynamics simulation for trajectory genera tion and wavelet analysis for calculations of frequency fluctuations. The O-D bonds of deuterated water in the anion hydration shell are found to have lower stretching frequency than the bulk water. The dynamical calculations of vibrational spectral diffusion for hy dration shell water molecules reveal three time scales: a short-time relaxation (~100 fs) corresponding to the dynamics of intact ion-water hydrogen bonds, a slower relaxation (~7.5 ps) corresponding to the lifetimes of fluoride ion-water hydrogen bonds, and an even longer time scale (~26 ps) associated with the escape dynamics of water from the anion hydration shell. However, the slowest time scale is not observed when the vibrational spectral diffusion is calculated over O-D bonds of all water molecules, including those in the bulk.
INTRODUCTION
Understanding the microscopic dynamics of water molecules in ion solvation shells has long been of major interest. In recent years, there have been a number of experimen tal studies on the dynamics of aqueous solutions using the technique of time-dependent vibrational spectroscopy [1] [2] [3] [4] [5] [6] [7] . These studies have looked at the dynamics of so-called vibrational spectral diffusion, which is then mapped to the dynamics of hydrogen bonds in these systems. Experimental studies have also been carried out on the changes of elec tronic structure of water molecules [8, 9] and molecular organization of water [10, 11] in ion hydration shells. On the theoretical side, there have been studies in recent years on the vibrational spectral diffusion of hydration shell water molecules in aqueous solutions using a combination of classical dynamics and perturbative method [12] and also by ab initio molecular dynamics [13] simulations. It was shown that the slow escape dynamics of water molecules from ion hydration shells can show up as a long-time component of the spectral dynamics of hydration shell water in dilute solutions.
In this work, we present a detailed dynamical study of water molecules inside the sol vation shell of a fluoride ion. Existing microscopic studies on aqueous solutions of fluoride ions are rather limited.
The structure of water and the nature of ionic hydration have been explored in aqueous solutions of potassium fluoride over a range of concentrations using the neutron diffraction technique [14] . The study reveals that the water structure in the first hydration shell is strongly perturbed but changes outside the hydration shell are rather mild. Vibrational spectroscopy and also vibrational relaxation of water in aqueous solutions of potassium fluoride have also been studied [15, 16] . There are theo retical studies in the literature that have looked at the coordination number and radial distribution of water molecules around the fluoride using empirical force fields [17] [18] [19] and quantum-mechanical/empirical force fields (QM/MM) [20] [21] [22] . Classical molecular dynamics studies of ion-water systems reported very slow dynamics for water around flu oride ion [23] . The dynamical studies regarding self-diffusion and rotational correlation time of the solvation shell water molecules [24] have also been carried out [17, 24] . These studies also looked at the residence dynamics of the first solvation shell water molecules around fluoride ion and provide an estimate in the range of 20-30 ps. Molecular dynamics study using density functional theory also reported structural and dynamical properties on water in the first solvation shell [26] . Other dynamical aspects such as dynamics of vibrational frequency fluctuations, socalled vibrational spectral diffusion, and their rela tions to hydrogen-bond dynamics have not yet been properly addressed for water around fluoride ions. In this paper, such a study of vibrational spectral diffusion and hydrogen-bond dynamics in an aqueous solution containing a fluoride ion is presented from first principles.
The present study is based on ab initio molecular dynamics simulation [27, 28] for tra jectory generation and wavelet analysis [29] [30] [31] for frequency calculation, without involv ing any empirical potential models. Firstly, the equilibrium aspects of frequency-structure correlations of water in the anionic hydration shell are investigated. We focus on the re lations between the stretch frequencies of hydration shell O-D bonds of deuterated water and ion-water hydrogen-bond distance and also on the distribution of hydration shell O-D stretch frequencies as compared to that of bulk water. Next, the hydrogen-bond and residence dynamics of hydration shell and bulk water molecules are calculated through population time correlation function approach and their relations to the dynamics of frequency time correlation and hole dynamics are established.
DETAILS OF SIMULATIONS AND FREQUENCY CALCULATIONS
The ab initio molecular dynamics simulations are carried out by employing the Car-Parrinello method [27, 28] and CPMD code [32] . The simulation system contains a single fluoride ion immersed in 31 water molecules kept in a cubic box. The length of the box is determined from the experimental density of NaF in H 2 O at 300 K [33] . The box length is calculated assuming the solution consisting of 1 F − and 1 Na + and 30 water, and the Na + ion was then replaced by a water molecule. Periodic boundary conditions were im plemented in all three dimensions. The electronic structure of the extended system was represented by the Kohn-Sham (KS) formulation [34] of density functional theory within a plane wave basis. The core electrons were treated via the atomic pseudopotentials of Troullier-Martins [35] , and the plane wave expansion of the KS orbitals was truncated at a kinetic energy cut-off of 80 Ry. A fictitious mass of μ = 800 a.u. was assigned to the electronic degrees of freedom, and the coupled equations of motion describing the system dynamics was integrated by using a time step of 5 a.u., which is equal to about 0.12 fs.
The hydrogen atoms were assigned the mass of deuterium, to reduce the influence of quantum effects on the dynamical properties. This choice of deuterium mass also ensured that the electronic adiabaticity and the energy conservation were maintained throughout the simulations for chosen values of the fictitious electronic mass parameter and time step. We used the BLYP [36] functional in the present simulations as was also done in many previous simulations of water, aqueous solutions, and other hydrogen-bonded liq uids [13, [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] . The initial configurations of the ion and water molecules were generated by carrying out a classical molecular dynamics simulation using the empirical multisite potential [19, 57, 58] . Then we equilibrated the system through ab initio molecular dy namics for 10 ps in a canonical ensemble at 300 K, and thereafter, we continued the run in the microcanonical ensemble for another 50 ps for calculations of various equilibrium and dynamical quantities.
In an aqueous solution of deuterated water, vibration frequencies of O-D bonds fluc tuate due to dynamical changes in the local environment. The calculations of such fluctu ating frequencies with time are carried out through a time series analysis of the ab initio molecular dynamics trajectories using the wavelet method [29] . In this method, a time-dependent function f(t) is expressed in terms of the basis function, which are constructed as translations and dilations of a mother wavelet ψ.
( 1) and the coefficients of the expansion are given by the wavelet transform of f(t), which is defined as (2) For a > 0 and b real. Following our previous work [13] , we have used the Morlet-Grossman wavelet [59] as the mother wavelet (3) with λ = 1 and σ = 2. The wavelet transform of eq. 2 produces a complex surface as a function of the variables a and b. The inverse of the scale factor a is proportional to the frequency and thus the wavelet transform at each b gives the frequency content of f(t) over a time window about b. Following our recent work on aqueous ionic solution [13] , the time-dependent function f(t) for a given O-D bond is constructed to be a complex function with its real and imaginary parts, corresponding to the instantaneous O-D distance and the corresponding momentum along the O-D bond and the stretch frequency at a given time t = b is then determined from the scale a that maximizes the modulus of the corresponding wavelet transform at b. The process is then repeated for the entire trajectories and for all the O-D bonds that are there in the solution.
VIBRATIONAL FREQUENCIES OF WATER: HYDRATION SHELL VS. BULK MOLECULES
A water molecule is taken to be in the solvation shell of F − when its OؒؒؒF distance is less than 3.4 Å, and it is taken to be hydrogen-bonded if the DؒؒؒF distance is less than 2.5 Å. Similar cut-offs are also used for oxygen-oxygen and oxygen-hydrogen distances to identify water-water hydrogen bonds. These distances correspond to the first mini mum of the intermolecular DؒؒؒF and OؒؒؒF (DؒؒؒO and OؒؒؒO for water-water pairs) radial distribution functions (results shown in Fig. 1 ). In Water dynamics in ion hydration shell 29 Now a detailed analysis has been made regarding the variation of frequency distribu tion with respect to hydrogen-bond distance and angle. Figure 4a shows the distributions for different hydrogenbonding environments. Generally, the distributions are found to be rather wide due to inhomogeneous broadening. In Fig. 4b , the frequency distributions are shown for different hydrogen-bond angles. It is seen that the rotational effects can alter the strength of hydrogen bonds, which in turn can alter the vibrational frequencies for both hydration shell and bulk modes. In Fig. 5a , we have presented a detailed © 2012, IUPAC Pure Appl. Chem., Vol. 85, No. 1, pp. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] 2013 Water dynamics in ion hydration shell 31 It is seen that the corresponding distributions shift toward larger values with increase in frequency. However, fairly wide distributions with significant overlaps are also observed, which means a single instantaneous frequency cannot be assigned to a given DؒؒؒF distance. However, such a one-to-one frequency-structure correlation seems to be present on average. This is shown more clearly in Fig. 5b through the contour plots of the conditional probability distributions of observing a particular frequency for a given DؒؒؒF distance. Clearly, the substantial width in the probability distributions rules out the possibility of assigning a single instantaneous frequency to a given DؒؒؒF distance. On average, however, the frequency is seen to be a monotonic function of the DؒؒؒF distance as shown by the dashed line in Fig. 5b . This means a frequency-structure correlation is present on average in the ion hydration shell where the frequency of an O-D bond decreases with decrease of the associated DؒؒؒF hydrogen-bond distance.
DYNAMICS OF HYDROGEN BONDS AND ESCAPE OF WATER FROM ION HYDRATION SHELL
The dynamics of ion-water hydrogen bonds is investigated by using the so-called popula tion correlation function approach [13, [60] [61] [62] [63] [64] [65] [66] [67] [68] . In this approach, we define two hydrogen-bond population variables: h(t) and H(t), where h(t) is unity when a particular F − -water pair is hydrogen-bonded at time t and zero otherwise. H(t) = 1 if the ion-water pair re mains continuously hydrogen-bonded from t = 0 to time t and it is zero otherwise. We calculate the continuous hydrogen-bond time correlation function S HB (t), which is defined as [60] [61] [62] [63] [66] [67] [68] 
where < ... > denotes an average over all ion-water pairs. S HB (t) describes the probability that an initially hydrogen-bonded ion-water pair remains bonded at all times up to t. The associated integrated relaxation time τ HB gives the average lifetime of a hydrogen bond between F − and a water molecule in its hydration shell. The intermittent correlation function is defined as [60] [61] [62] [63] [64] [65] [66] [67] [68] (5)
C HB (t) describes the probability that an ion-water hydrogen bond is intact at time t, given that it was intact at time t = 0, independent of possible breaking in the interim time. After a hydrogen bond between the F − ion and water is broken, the water-ion can remain as nearest neighbors for some time before either reformation of hydrogen bond occurs or the molecules diffuse away from each other. We also calculate a third probability function N HB (t), which describes the time-dependent probability that an ion-water hydrogen bond is broken at time zero, but the two species remain in the vicinity of each other, i.e., as nearest neighbors, but not hydrogen-bonded at time t. Following previous work [64], a simple rate equation for the reactive flux is written in terms of C HB (t) and N HB (t)
where k HB and k' HB are the forward and backward rate constants for hydrogen-bond breaking. The inverse of k HB corresponds to the average lifetime of an ion-water hydrogen bond and can be correlated with τ HB obtained from the route of continuous hydrogen-bond time correlation function. 
The results of the continuous and intermittent correlation functions for ion-water hydrogen bonds are shown in Fig. 6a , and the corresponding lifetimes are included in Table 1 . Integration of S HB (t) yields a value of 7.65 ps for τ HB . This ion-water hydrogen-bond lifetime is longer than the lifetimes of hydrogen bonds in pure water, which was found to be ~2 ps [66] . We have used a least-squares fit of the simulation results of C HB (t) and N HB (t) to eq. 6 to obtain the ion-water hydrogen-bond lifetimes from the route of intermittent correlations. We performed the fitting in the short-time region 0 < t < 8 ps to obtain the rate constants for the short-time part of the relaxation, and we also carried out the fitting on the longer time region 8 < t < 30 ps to calculate these quantities for the slower, long-time part of the relaxation. The inverses of the corresponding forward rate constants, which correspond to the average hydrogen-bond lifetimes, are denoted as 1/k HB;short and 1/k HB;long , and their values are found to be 7.27 and 20.83 ps, respectively. We note that the values of 1/k HB;short are similar to τ HB obtained from the route of continuous correlation functions because both S HB (t) and the short-time part of the reactive flux capture the hydrogen-bond-breaking dynamics due to librational, rotational, and short-time translational motion, and, henceforth, this time constant of ~7.27 ps will be referred to as the fluoride ion-water hydrogen-bond lifetime. The residence times of water molecules in the ion hydration shell are calculated by following a similar population correlation function approach [13] . Two residence variables g(t) and g'(t;t*) are defined where g(t) is unity if the F − -oxygen distance of the ion-water pair is less than 3.4 Å at time t (i.e., the water is in the hydration shell of F − ) and it is zero otherwise, whereas the variable g'(t;t*) is Water dynamics in ion hydration shell 33 one when a water molecule remains continuously in the same hydration shell up to time t from t = 0, subject to an allowance time t* and it is zero otherwise. The correlation functions [23] are constructed as (7) (8) where S R (t) describes the probability that a water molecule, which was in the hydration shell of the ion at time t = 0, remains continuously in the hydration shell up to time t subject to the allowance time t* and the associated relaxation time, which we call the residence time, is denoted as τ R . Thus, if the water molecule leaves the hydration shell for a period less than t* between the time 0 and t, it is assumed to have not left the hydration shell at all. The intermittent residence correlation function C R (t) gives the probability that a water molecule, which was in the hydration shell of an ion at the initial time, is also found to be in the same hydration shell at time t irrespective of what has happened in the interim period.
In Fig. 6b , we have shown the decay of S R (t) and C R (t). The calculation of residence time τ R has been done by explicit integration of S R (t) from simulations until 10 ps and by calculating the integral for the tail part from fitted exponential functions. Following previous work [23, 25] , we took the allowance time to be 2 ps for the continuous residence function and found a value of 26.05 ps for the residence time of water molecules in the F − solvation shell. We also extracted the residence time from the intermittent correlation by following the method of ref. [23] , and a very similar value is found. Thus, from the similarity of the time scales, we can conclude that the longer time scale of 1/k HB;long actually corresponds to the residence time of a water molecule in the hydration shell of a tagged water to which it was hydrogen-bonded at time t = 0. Hence, this longer time scale actually corresponds to the escape dynamics or slow diffusion of a water molecule from the hydration shell of the fluoride ion.
VIBRATIONAL SPECTRAL DIFFUSION OF HYDRATION SHELL WATER MOLECULES
In this section, we carry out hole dynamics [12, 13, 66 ,69] calculations of O-D stretch modes of water in F − hydration shell. It is assumed that at time t = 0, a hole of the following Gaussian form is created in the ground-state frequency distribution (9) where ω p is the pulse center frequency and P eq (ω) denotes the equilibrium frequency distribution of the O-D modes of interest. Clearly, the initial distribution of the remaining O-D frequencies P r (ω,0), i.e., the ones remaining in the ground state in experimental situations, is equal to P eq (ω) − P h (ω,0). We use a Gaussian pulse of full width (2σ) 140 cm −1 and calculate the time evolution of the nonequilibrium distributions P r (ω,t) and P h (ω,t) from a large set of system trajectories reflecting the initial distributions P r (ω,0) and P h (ω,0), respectively. The average frequency of the hole modes at time t is then calculated from the following relation [12, 13, 66 ,69]
where N h = ∫ dωP h (ω,0). The average time-dependent frequency of the remaining modes is calculated in a similar way by using the remaining distribution in eq. 10. 
molecules are observed. A Metropolis Monte Carlo-like algorithm [70] is employed to effect the creation of a chosen hole, red or blue so as to satisfy the distribution of eq. 9. In this approach, we first choose an O-D group of frequency ω i in the hydration shell at a given time step along the trajectory to include this mode as a hole mode. The value of the corresponding Gaussian probability P i = e -(ω i -ω p ) 2 /2σ 2 . After that, a random number y i from a uniform distribution between 0 and 1 is generated and if y i comes out to be less than the Gaussian probability P i , the chosen mode ω i is included as a hole mode. The above exercise is repeated for all the O-D groups in the F − hydration shell and over many different initial times to ensure that, on average, the hole modes satisfy the distribution of eq. 9. We investigated the time evolution of the average frequencies of the hole and remaining modes in the hydration shell after the hole is created at t = 0. In Fig. 7 , we have shown the average frequencies of the hole modes (Δω -h ) for both blue and red excitations, and the corresponding results for the remaining modes (Δω -r ) are shown in Fig. 8 . Here, the frequency is expressed in terms of the shift (Δω) from the equilibrium value averaged over all the modes. We observe a fast decay and an oscillation at short times followed by slower decay extending to a few ps. We used the following function including a damped oscillatory function to fit the calculated results of spectral diffusion [13, 66, 69 ] (11) The details of the fitting parameters including the weights are included in Table 2 . To verify the origin of this oscillation, a separate calculation of the power spectrum of the relative velocity of an initially hydrogen-bonded OؒؒؒF pair have been carried out (results not shown). In the power spectrum, due to intermolecular bending and stretching vibra tions of the hydrogen-bonded f t a te a e a a cos 1
Fig. 7
The time variation of the (a) average frequency shifts of the hole modes after excitations in the higher-and lower-frequency regions of the hydration shell O-D modes. The corresponding results for the excitation in the lower-frequency side after normalization by the initial frequency shift are shown in (b) . The solid and dashed curves correspond to excitations in the higher and lower frequencies, respectively. The smooth solid curve in (b) represents the fit by a function of eq. 11.
of the hole dynamics. It is also clear from the results of the previous section that the two slower relaxation times of spectral diffusion, τ 2 and τ 3 of Table 2 , correspond to the lifetimes of ion-water hydrogen bonds and the residence time of water in the ion hydration shell, respectively. The results of vibrational spectral diffusion discussed above are for the O-D stretch modes of water molecules in the F − hydration shell only. In addition, we have also investigated the dynamical response of all the O-D modes in the solution. The calculation of the average frequency shift of the hole and remaining modes for both red and blue excitations are shown in Figs. 9 and 10 , and the corresponding time constants and weights are included in Table 3 . The results of our hydrogen-bond dynamics calculations for all O-D modes are included in Table 1 . These calculations reveal that the decay is faster as compared to hydration shell O-D modes. In particular, the slowest component corresponding to the escape dynamics of water from ion solvation shell is not found to be present here. This is likely due to the very small fraction of such hydration shell O-D modes with respect to all the O-D modes that are present in the current simulation system. Water dynamics in ion hydration shell 37 As before, the solid and dashed curves correspond to excitations in the higher and lower frequencies, respectively. The smooth solid curves in (b) represent the fits by a function of eq. 11. 
SUMMARY AND CONCLUSIONS
We have presented a theoretical study of hydrogen-bond dynamics and vibrational spec tral diffusion in an aqueous ionic solution containing a fluoride ion from first-principles simulations without employing any empirical potential models. The method of ab initio molecular dynamics has been used for trajectory generation, and the wavelet analysis has been employed for frequency calculations. First, the equilibrium properties regarding the frequency-structure correlations of water molecules in the F − hydration shell are looked at. It is found that the O-D bonds in the hydration shell of F − ion, i.e., hydrogen-bonded to the fluoride ion, have lower stretching frequency than those in bulk water. On average, the frequencies of hydration shell O-D modes are found to increase with the increase of the ionwater hydrogen-bond distance. The stretching frequency of O-D modes is also found to change with changes in the hydrogen-bond angle.
On the dynamical side, it is found that fluoride ion-water hydrogen bonds have much longer lifetime than water-water hydrogen bonds. The study of hole-burning dynamics reveals three time scales: a short time relaxation of ~100 fs corresponding to the dynamics of intact ion-water hydrogen bonds, a slower relaxation with a time scale of ~7.5 ps corresponding to the ion-water hydrogen-bond lifetime, and another longer time constant of ~26 ps corresponding to the escape dynamics of water from the fluoride ion hydration shell. These three time scales in the spectral diffusion of water in the hydration shell in the dilute solution is in line with the earlier work for water near a halide ion [12, 13] . However, the longest time scale is found to be absent when the spectral diffusion was calculated by averaging over all the water molecules. This is likely due to the small weight that the hydration shell water molecules make to the overall dynamical behavior of all water molecules in the aqueous system considered in the present study. In the present work, we have considered an aqueous solution containing a single fluoride ion. It would be interesting to study the dynamical properties for higher concentration of fluoride ions and also in the presence of counterions. Work in this direction is in progress.
